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Abstract 

We compute the two-loop effective Kahler potential in three-dimensional M = 2 su¬ 
persymmetric electrodynamics with Chern-Simons kinetic term for the gauge superfield. 
The effective action is constructed on the base of background field method with one para¬ 
metric family of gauges. In such an approach, the quadratic part of quantum action mixes 
the gauge and matter quantum superfields yielding the complications in the computations 
of the loop supergraphs. To avoid this obstacle and preserve dependence on the gauge 
parameter we make a nonlocal change of quantum matter superfields after which the 
propagator is diagonalized, however the new vertices have appeared. We fix the suitable 
background and develop the efficient procedure of calculating the two-loop supergraphs 
with the new vertices. We compute the divergent and finite parts of the superfield effec¬ 
tive action, find the two-loop effective Kahler potential and show that it does not depend 
on the gauge parameter. 
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1 Introduction 


It is well known that the leading part of the low-energy effective action in the supersymmetric 
held models with chiral matter superhelds is described by effective Kahler potential (see, e.g., 
[1]). The effective Kahler potential is responsible for the structure of the quantum moduli space 
of AD, M = 1 gauge-matter theories in the Higgs branch and is closely related to supersymmetric 
sigma-models. Computations of the effective Kahler potential in the AD, M = 1 supersymmetric 
models have been carried out in many papers (see e.g. [2-7], [8-10] for one-loop calculations 
and [11] for two-loop calculations) h 

In three-dimensional supersymmetric theories the structure of effective Kahler potential is 
much less well understood. The effective superpotential in A/” = 1 gauge-matter theories was 
studied in [13,14], but it does not correspond to Kahler sigma-models for component scalar 
helds due to an insufficient number of supersymmetries. The two-loop effective Kahler potential 
was computed for the three-dimensional Wess-Zumino model in A/” = 2 superspace [15] but it 
has not been studied in gauge-matter models which have much more interesting classical and 
quantum properties. Note that there is a broad discussion of the structure of moduli space of 
three-dimensional gauge theories with A/” = 2 supersymmetry including its Higgs branch (see, 
e.g., [16-19]), but the corresponding Kahler potential has never been computed explicitly in 
perturbation theory. On the contrary, the low-energy effective action in the Coulomb branch 
of three-dimensional gauge-matter models has recently been studied in the A/” = 2 superspace 
up to two-loop order [20-24]. 

The aim of the present paper is to initiate the study of the perturbative quantum corrections 
to the effective Kahler potential in three-dimensional M = 2 supersymmetric gauge theories. 
We compute two-loop effective Kahler potential in three-dimensional A/” = 2 supersymmetric 
quantum electrodynamics (SQED) with Chern-Simons kinetic term for the gauge superheld. 
At the classical level this model is superconformal, but we show that the conformal invariance 
is broken by two-loop quantum corrections. We find that the two-loop Kahler potential in the 
A/” = 2 supersymmetric electrodynamics is similar in some aspects to the one-loop effective 
Kahler potential in four-dimensional A/” = 1 SQED [9]. 

In the present paper we study the effective Kahler potential for one particular model: A/” = 2 
SQED with the Chern-Simons kinetic term for the gauge superheld and two chiral superhelds. 
The following are arguments supporting the study the ehective Kahler potential in this model: 

• Although this model is quite simple, it possesses a non-trivial ehective Kahler potential 
which represents the leading part of the low-energy ehective action in the Higgs branch. 
Note that, in contrast to the four-dimensional case, we need to study the two-loop ehective 
action since, as we will show further, the one-loop quantum corrections to the ehective 
Kahler potential are trivial in the sense that they repeat the form of classical Kahler 
potential. In general, computation of two-loop quantum corrections is a hard routine, 
but in the present case we need to consider just a few two-loop Eeynman graphs since the 
model is Abelian and, in particular, ghost superhelds do not contribute. 

• As we will show further, the form of two-loop quantum corrections to the ehective Kahler 
potential is in fact dictated by logarithmically divergent supergraphs. Hence, the ehective 

^The detailed analysis of the AD superheld effective potentials has been given in the thesis [12]. 
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Kahler potential which is proper to AA = 2 Chern-Simons-matter theories it seems can not 
appear in three-dimensional models such as A/” > 2 Chern-Simons-matter gauge theories 
which have no UV divergences [25-27] or the M = 2 SQED with Maxwell kinetic term 
for the gauge superheld which is superrenormalizable. 

• The A/” = 2 SQED with the Chern-Simons kinetic term is classically superconformal, 
but, as we will show, the two-loop quantum corrections to the low-energy effective action 
break the conformal invariance. This is analogous to the holomorphic low-energy effective 
action in four-dimensional A/” = 2 gauge theories [28] which is known to be responsible 
for the superconformal symmetry breaking. 

• We consider the A/” = 2 SQED with two chiral superfields having different charges with 
respect to the gauge superfield. This model is advantageous as compared to similar models 
with odd number of chiral superfields which may have parity anomaly [29-31]. Moreover, 
in the considered model the effective Kahler potential can be unambiguously computed 
within the background field method since we can fix the background for chiral matter 
superfields which solves classical equations of motion. As a result, the obtained effective 
Kahler potential corresponds to the gauge-independent part of the effective action. 

Let us discuss several technical points concerning two-loop computations in the considered 
model. The effective action in quantum field theory of gauge fields is known to be a gauge- 
dependent quantity. However, the effective action calculated for background field satisfying 
the effective equations of motions is gauge independent (see e.g. [32]). When we study the 
perturbative quantum corrections to effective action in the frame of loop expansion, the gauge 
independent one-loop corrections should be considered on the classical equations of motion 
while for the gauge independent two-loop quantum corrections we have to take into account 
the effective equations of motion up to one-loop order. In the A/” = 2 SQED studied in the 
present paper it is sufficient to consider constant background chiral superfields to compute the 
effective Kahler potential. As we will demonstrate, this background obeys not only classical 
but also quantum effective equations of motion up to one-loop order. This guarantees that the 
two-loop effective Kahler potential computed in this model is gauge independent. Moreover, 
in the functional integral we fix the gauge freedom, but we keep the gauge-fixing parameter a 
arbitrary throughout all quantum computations. We directly demonstrate that the obtained 
one- and two-loop quantum corrections to the effective Kahler potential are independent of a, 
confirming its gauge independence. 

Another technical comment concerns the details of applications of the background field 
method at the two-loop order. When we perform the background quantum splitting the classical 
action acquires a number of terms which mix gauge and matter superfields at the quadratic 
order and make the propagator non-diagonal. In quantum computations it is desirable to deal 
with the diagonal propagator for quantum superfields. Otherwise the computations become 
extremely complicated. There are, in general, two ways to achieve this: (i) to make a non¬ 
local change of fields to diagonalize the propagator or (ii) to apply a generalized gauge-fixing 
condition (R^-gauge) which eliminates the mixed terms at the quadratic order. The latter 
approach is usually simpler, but it does not allow one to keep the gauge-fixing parameter 
arbitrary. Therefore, in the present work we make a non-local change of quantum superfields 
to bring the propagator to the diagonal form. The cost for this is that we get new interaction 
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vertices having non-local form and playing important role in two-loop quantum computations. 
This means we should develop a specihc technique to compute the supergraphs with the new 
vertices. 

The rest of this paper is organized as follows. Section 2 is devoted to some preliminary 
discussion concerning the structure of loop quantum corrections to the effective Kahler potential 
and specify the background which is suitable for its evaluation. In section 3 we perform the 
background-quantum splitting and derive the form of propagators and interaction vertices which 
will be employed in loop quantum computations. In the next two sections we calculate one- 
and two-loop quantum effective actions and derive the form of effective Kahler potential at 
the two-loop order. In the last section we discuss the possible extensions of the results of 
the present paper. In the appendices we collect some technical details of two-loop quantum 
computations. Throughout this paper we use the Af = 2, d = 3 superspace notations and 
conventions introduced in earlier works [20-24]. 

2 Classical action and specification of background 

We consider the three-dimensional Af = 2 supersymmetric electrodynamics which is described 
by two chiral matter superhelds Q+ and Q- and a gauge superheld V with superheld strength 
G = ^D°‘DaV. In general at a classical level such a model can have several parameters: the 
complex and real mass parameters of the chiral superhelds, the topological mass of the gauge 
superheld and the Fayet-Iliopoulos term. In the present paper we consider a particular case 
where the masses of chiral superhelds are vanishing and the gauge superheld has inhnite topo¬ 
logical mass. Moreover, when the Fayet-Iliopoulos term vanishes, the model is super conformal 
at the classical level. The only parameter in the classical action is the Chern-Simons level k 

S = ^ Jd^zVG- J d^z {Q+^^Q+ + Q-e-^^Q.) . (2.1) 

The corresponding classical equations of motion are 

2tt ^ 

G = —(Q+e2^Q+ - g_e-2^g_), (2.2a) 

K 

D2(Q±e^2^) = 0, D2(g±e^2^) = 0. (2.2b) 

The most natural approach to study the quantum ehective action is the background held 
method. For gauge theories in the Af = 1 d = A superspace this method is discussed in [33]. 
Basic features of this method for Af = 2 d = 3 superspace were formulated in [20-22]. For 
recent applications of this method for computing the ehective actions in three-dimensional 
gauge theories in the sector of gauge superheld see [23,24]. Following this method, we split the 
original superhelds V, Q±- and Q± into the so-called ‘quantum’ v, g±, g± and ‘background’ V, 
g±, g± parts^ 

V —)■ n -h K, Q± ^ g± + Q± , Q± ^ g± + Q± ■ (2-3) 

^Note that we denote the background superhelds by the same letters as the original ones. We hope that this 
will not lead to misunderstandings since after the background-quantum splitting the original superhelds never 
appear. 
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Then, after fixing the gauge freedom for the quantum gauge superheld v, one obtains a gauge- 
invariant effective action for the background superfields 

r = r[f/,Q±,Q±]. (2.4) 

In the resent paper, we restrict ourselves to considering only the part of the effective action 
which is described by the effective Kahler potential for the chiral superhelds Kes{Q±,Q±). 
For this purpose it is sufficient to consider the background superhelds subject to the following 
constraints 

I/ = 0, D,g± = 0, D,g± = 0. (2.5) 

In general, the effective action is gauge dependent but, if the background superhelds satisfy 
the exact ehective equations of motions, the ehective action is gauge independent (see e.g. [32]). 
To get the gauge independent one-loop ehective action it is sufficient to use the background 
superhelds obeying the classical equations of motion. For the two-loop ehective action we 
should take the background helds satisfying the one-loop equations of motion. In the case 
under consideration we assume that the background superhelds obey not only (2.5), but also 
( 2 . 2 ), 

Q+Q+^Q-Q- = QQ. ( 2 . 6 ) 

In principle, this constraint could be modihed by one-loop corrections, but as we will show 
further, this is not the case and it can be safely used for two-loop computations as well. Thus, 
the problem is reduced to hnding the ehective action which is described by a single function 
KesiQQ) 

T = -J d'^zKesiQQ). (2.7) 

We emphasize that this part of the ehective action is gauge independent and can be unambigu¬ 
ously computed in the two-loop approximation for the background superhelds constrained by 
(2.5) and (2.6). 

In the present paper we will compute the ehective Kahler potential up to two-loop order in 
the quantum perturbation theory 

Kes = K + + ... ( 2 . 8 ) 

Here K is the classical Kahler potential, K = 2QQ while and correspond to one- and 
two-loop quantum contributions. The ellipsis stand for higher loop quantum corrections which 
are beyond our considerations. 

3 Propagators and vertices 

Upon the background-quantum splitting (2.3), the classical action (2.1) is expanded in a series 
over the quantum superhelds, 

S = Sq + Si + S 2 + iFint + • • • , (3-1) 
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where So is the action depending only on the background superhelds and having the form 
(2.1); 5'i is liner in quantum superhelds part and does not give rise to one-particle irreducible 
diagrams for effective action. The action S 2 is quadratic in quantum superhelds 


ik 


S 2 = I d'zv ( —D'^Da + M ] V - I (fz {q+q+ + q-q-) 


2 cfz {Q+ q+v + Q+ q+v - Q- q-V - Q- q-v ), 


(3.2) 


while S'int is responsible for cubic and quartic vertices for quantum superhelds, 

5'int = - j (fz (^2Q+ q+v'^ + 2(5+ q+v‘^ + 2Q_ q_v^ + 2Q_ q_v^ 

+ 2q^q+v — 2q_q_v + 2g+g+n^ -|- 2q_q_v^ — -Mv^ 

o 

+ ^q+v^ - ^q-v^ - ^q-V^ - ^iQ+Q+ - Q-Q-)v^^ , (3.3) 

where 

M = -2((5+Q+ + g_g_) = - 4 gg. (3.4) 

The ellipses in (3.1) stand for higher order interaction vertices for quantum superhelds which 
are irrelevant for two-loop computations. 

The operator D^Da in (3.2) is degenerate and requires gauge hxing. We use standard gauge 
hxing conditions in the J\f = 2 d = 3 superspace 

D^v = 0, D\ = 0, (3.5) 

which can be ehectively taken into account by adding to (3.2) the following gauge-hxing action 
[25,26,34] 

5'gf = -— [ d'^z v{D^ + D‘^)v , (3.6) 

Stt J 

where a is a real parameter. In the present paper we do not hx this parameter and keep 
it arbitrary. As we will show further, the ehective Kahler potential is independent of this 
parameter. It means in fact that we study the gauge-independent part of the ehective action. 

We consider the Abelian gauge theory, therefore the ghost superhelds, associated with the 
gauge hxing (3.5), decouple and do not contribute to the ehective action. 

Note that the quadratic action S 2 contains the mixed gauge and matter quantum held terms 
given in the second line of (3.2). This unpleasant feature leads to non-diagonal propagator for 
the quantum superhelds and makes quantum loop computations more involved. However, it is 
always possible to make a non-local change of (anti)chiral superhelds in the functional integral 
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such that the propagator becomes diagonal. For the action (3.2) such a change of helds reads ^ 


Q+{z) q+{z)+ 2 J dh'G+-{z,z')Q+{z')v{z') , 

q-{z) -)■ q_{z)-2 j cf z'G+_{z, z')Q_{z')v{z'), 

Q+{z) q+{z) + 2j(fz'G-+{z,z')Q+{z')v{z'), 

q-{z) q-{z)-2 J (f z'G-+{z, z')Q-{z')v{z'), (3.7) 


where G+- and G_+ are propagators for the (anti)chiral superfields obeying the equations 


:D^G+4z, z') = -6.(z, z'), jD^G.^z, z') = -6+(z, z '). 


(3.8) 


Here S±(z, z') are chiral and anti-chiral delta-functions which are related to the full superspace 
delta-function 6'^(z — z') as 


6+(z, z') = -^D^6\z - z '), 5_{z, z') = ~D^5\z - z'). 

The propagators G_|_and G_+ obeying (3.8) have the following explicit form 

1 n2n2 1 JJ2JJ2 

z') = - z'), G_+(., z') = □ - ^') • 

Indeed, after the change of helds (3.7) the action (3.2) acquires the form 


ik 


ika, - 


^2 + ^gf = / Gz V —D^D^ + (d^ + d^) + M]v- (fz (g+g+ + q_q_) 


“ ' Stt 
(fz (f z' v{z)v{z')M 


(3.9) 


(3.10) 


len 


d'^{z — z') . 


(3.11) 


Here, in the last term, we used the fact that the spinor derivatives do not act on the background 
superhelds according to (2.5). 

It is important to note that gauge superheld v remains unchanged when we change the 
chiral superhelds as in (3.7). Thus, though these transformations have the non-local form the 
Jacobian of this change of helds is equal to unit. 

The action (3.11) shows that the chiral superhelds have conventional free propagators, 

i{(l+{z)q+{z')) = i{q-{z)q-{z')) = G+-{z, z') , (3.12) 

while the Green’s function for the quantum u-superheld obeys 

{H + M - A)G{z,z') =-d\z-z'), (3.13) 

similar non-local change of fields was used in [35] within computations of one-loop effective Kahler 
potential in four-dimensional Af = 1 SQED (see also earlier paper [36] for non-local change of fields in non- 
supersymmetric QED). 
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where we introduced the notations 


H = —(D^D^ + -{D^ + D^' 


A = M 


-Id-d +“ 

dTT V “ ^ 2 


160 


(3.14) 

(3.15) 


In Appendix A we demonstrate that the solution of (3.13) can be represented in the form 


G{z, z') = 


iTT {D^D^y , in 


k D + 


47r2M2 

fc2 


+ 


f .2 ^ ^^^) 2ka 


□ 


6'^{z — z'). 


(3.16) 


As we have just shown, the change of helds (3.7) eliminates the mixed propagators among 
the gauge and matter superhelds. The price for this is a complication of the part of the action 
responsible for the interaction vertices. Indeed, after the change of helds (3.7) the action (3.3) 
acquires many new vertices which have non-local form 


5int = 


J (fz 1^2(5 q+v'^ + 2Q -|- 2Q + 2Q q^v^ 

4 _ 

-h 2q+q+v - 2q_q_v -h 2q+q+v^ -h 2g_g_v^ -h -QQ 

o 


+ J (fz fz' |^4(5+G_+(z, z') q+{z) v{z) v{z') + 4(5+G+_(z, z') qfz) v{z) v{z') 

\ 

+ 4:Q_G-+{z, z') q-{z) v{z) v{z') + 4:Q_G+-{z, z') q-{z) v{z) v{z') 

+ 16 J (f z cf z'cf z" QQG+-{z, z') G-+{z, z") v'^{z) v{z') v{z") + ... (3.17) 

Here dots stand for several more terms which have the structure q±v^ and q±v^. We omit these 
terms as the corresponding vertices cannot appear in the two-loop Feynman diagrams since we 
have no mixed (qv) and (qv) propagators. We emphasize that the expression (3.17) is a result 
of identical transformation in local held theory. 


4 One-loop effective Kahler potential 

The action (3.11) specihes the one-loop quantum corrections to the ehective action. The 
(anti)chiral superhelds are free and do not contribute. Thus, the one-loop ehective action 
is given by the trace of the logarithm of the operator of quadratic huctuations for the superheld 
V 

rd) = lTrln(i7 + M-A), (4.1) 

where M is the ehective mass given by (3.4) and the operators H and A are dehned in (3.14) 
and (3.15). It is convenient to represent (4.1) as a sum of two terms 

rd) = iTr ln(i7 + M) + ^Tr ln(l - {H + M)"^A), (4.2) 
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and compute them separately. 

In the hrst term in (4.2) we expand the logarithm in a series 


^Trln(i/ + M) = ^ 


°° /_ 1 \n—1 

d'^z d'^z' 6\z - z') V ^- z) 


and for the terms in this series we apply the following identities 

n = ‘lk-\ 

^ \ {AUf-^{D^D^f n = 2k 

rn2:n2r = / (16n)"-'(^^ + ^^) n = 2k-l 
^ ^ ^ \ n = 2k 


{D^ + 


n = 2k — 1 
n = 2k 


(4.4a) 


(4.4b) 


Only the terms with four covariant spinor derivatives give non-trivial rises owing to the standard 
identity 

6*{e - e')—D^D^6'^(z - z') = 6^(z - z !). (4.5) 

16 


Then, the expression (4.3) gets local form in the Grassmann variables 


-Trln(i/ + M) = \ d^xd^od d^d b^[x - x')-\xv[u^ 


^— / d^xd^x'd‘^6 S^{x — x')—\n [D + 


k^ 


6^{x — x') 

5^{x — x'). (4.6) 


Next, we make the Fourier transform for the delta-functions and compute the momentum 
integrals 

f d^p 1 / m^\ i 


In 1 — 


J (27r)3p2 ^ 

and get the following result for the term (4.3) 




iT.M« + M) = |(l-i 


d'^z QQ. 


To evaluate the second term in (4.2) we introduce the Green’s function Q{z,z') of the 
operator FT -|- M in (3.14) 


{H + M)g{z,z') = -5'^{z-z'), 


Q{z,z') = ■ 


in D^ + D^ 


k n + ^41^ 2A;a □ + 


2F □(□ + 4^^) / 

This allows us to represent the second term in (4.2) as 


^Trln(l - (if+ M)-^A) = ^Trln(l + ^A) 


(4.10) 


1 ( D^ + D^ |D2,T)2} 

= -Tr In 1 1 -h A -h B- -^- - 

2 V 4 16 


(4.11) 




where 


2niM 




± IVl A. //I ir>\ 

ka (D + igM!)’ ““ n{n + ^)' 

The argument of the log function in (4.11) can be represented as a product of two factors 

D2 + D2 {L)2,d2} / A D2 + D2\/ W^,Dn\ , 

i + + = h + i+DB 4 h + 


Hence, we have the sum of two terms 


rTrln(l-(ff+Af)-'A) = iTrln(l + ^-p^th^)+rTrln(l + Bih!^) . (4,14) 


We expand these log functions in series and in each term apply the identities (4.4). As a result, 
we get 


|lVlri(l -(H + M)-‘A) ='-j d?xd^x'd*0S\x - i')l In ( g , “ *') ■ 


This expression leads to the same momentum integral (4.7). Hence, we conclude 


^Tr ln(l -{H + M)"'A) = ^ i d^zQQ. 
2 ka I 


(4.16) 


As a result, the one-loop effective action is given by the sum of (4.8) and (4.16) 




(4.17a) 


= -tQQ- 

k 


(4.17b) 


As expected, the one-loop effective Kahler potential (4.17b) does not contain ultraviolet diver¬ 
gences and is independent of the gauge-hxing parameter a. 


5 Two-loop effective action 

It is well known that the two-loop quantum contributions to the effective action are usually 
represented by the Feynman graphs having two different topologies which we call “0” and “cxd” . 
These diagrams involve cubic and quartic vertices originating from the action (3.17). The lines 
in these diagrams correspond to either chiral or gauge superheld propagators given by (3.10) 
and (3.16), respectively. In this section we compute those two-loop Feynman graphs which 
contribute to the effective Kahler potential, starting with the diagrams of topology “cxd” . 
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Figure 1: Two-loop Feynman graphs with quartic vertices. 


5.1 Graphs with quartic vertices 

The action (3.17) contains two types of quartic vertices: one vertex of type and the other 
one of qqv'^ type. Correspondingly, there are two types of two-loop quantum contributions to 
the effective action with these vertices 


Fyij = — zi Z 2 cf Z 3 (f Z4 


6 ^S 




6v{z4)Sv{z3)Sq{z2)5q{zi) 

6 ^S 

d’^Zl d^Z2 d'^Zs dJZ4 -^^'( 2 : 1 , Z2) G{Z‘i, Z4) . 


dv(z4)Sv(z3)Sv(z2)Sv(zi) 
Note that the vertex in (5.1) has simple local form 




Sv(z4)dv(z3)dq(z2)dq(zi) 


= -4 


Df 


d-(zi - Z2)y(zi - Z3)d'^(zi - Z4)] . 


(5.2) 


(5.3) 


Using this expression we restore the full superspace measure in (5.1), d'^Zi = —\D\d^zi and 
integrate over Z 2 , Z 3 and Z 4 using the delta-functions 


Fai =4 


d'^z G+-(z, z) G{z, z). 


(5.4) 


This contribution can be visualized by the Feynman graph F^^ in Fig. 1. Formally, the propa¬ 
gators (3.10) and (3.16) have enough H-factors to get a non-trivial result, but the bosonic part 
of the propagator G'+_ vanishes at coincident space-time points in the frame of dimensional 
regularization. Thus, this Feynman graph does not contribute to the effective Kahler potential 

Fai=0. (5.5) 

We point out that, in general, this Feynman graph is non-trivial, but it vanishes on the back¬ 
ground (2.5). 
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Consider now the contribution (5.2). It contains the quartic vertex which has the following 
form 


6 ^S 


Sv{z4)Sv{zs)6v{z2)6v{zi) 


= -32 QQ 6 '^{zi - Z 2 )S'^{zi - Z 3 )S'^{zi - Z 4 ) 


— 32QQ ( G_|— {Z 2 , Z 3 )G — \-{z 2 , Zi)5^{Z 2 — 2 : 4 ) + —( 2 : 2 , Z4)G — \-{z 2 , Zi)S'^{z 2 — Z 3 ) 


+ ^+-(^3, 22)G'_+(^3, Zi)d'^{z3 — ^ 4 ) + (j'+_(^3, ^i)(j'_+( 23, ^2)h'^(23 — 24 ) 

+ G'+_(22, 2 i)(j'_+(22 , 23 )h '^(22 ~ ^4) + C'+_(22, 2 i)(j'_+(22 ; ^ 4 )h'^( 2;2 ~ 2:3) 

+ G'+_(2i, 22)G'_+(2i, 23)h'^(2l — 24 ) + (j'+_(2i, 22 )(j'_+(2i, Z 4 )S'^(Zi — Z 3 ) 

+ G'+_(2i, 23)(j'_+(2i, 22)h'^(2i — 24) + (j'+_(2i, 24 )(j'_+(2i, 22)h'^(2i — 23) 


+ G'-i—( 21 , 24 ) 6 *— \-{zi, 23 ) 5^(21 — 22 ) + G 4 —( 21 , 23 )G—i-( 2 i, 24 ) 5^(21 — 22 ) ) . (5.6) 


The term in the first line corresponds to the local part of this vertex while the other terms 

are non-local since they involve the Green’s functions G_|_and G-+. The contribution from 

the local part of this vertex is represented by the Feynman graph T^ja Fig. 1. The other 
non-local terms in (5.6) correspond to Tyi^j^ and T^ 2 ^- 

Let us consider first the Feynman graph T corresponding to the local part of the vertex 
(5.6). Using the delta-functions in this vertex we integrate over dz 2 , dzs and ^24 

FA 2 a =4 J d’zQQG{z,z)G{z,z). (5.7) 

To compute this expression we have to consider the Green’s function of the gauge superheld 
(3.16) at coincident superspace points. The details of these computations are collected in 
Appendix B.l. The result is 

Fuja =-■p j (fzQQ. (5.8) 

The Feynman graphs T^ 2 ^, and T^ 2 ^ Fig. 1 correspond to the following analytic expressions 

Fyl 26 ~ J '^^ud^ 2 : 2 d '^23 QQ Gh—( 21 , 23 )^—|_( 22 , 23 )G( 2 i, 22 ) G( 23 , 23 ) = 0 , (5.9) 

Ta 2 c = 16 J d"^Zid'^Z 2 d'^Z 3 QQ G 4 —( 23 , 22 )^—|_( 2 i, 22 ) G( 2 i, 22)^(235 22 ) = 0 . (5.10) 

To evaluate these expressions we have to integrate by parts the covariant spinor derivatives 

which are present in the propagators G_|_given in (3.10). It is possible to distribute the 

derivatives in such a way that the operator acts on the propagator (3.16). Then, it is 

easy to see that both contributions (5.9), (5.10) vanish owing to the identity (A.9) 

Fa 2 , = F 2 I 2 . = 0 . (5.11) 

We conclude that the Feynman graphs represented in Fig. 1 give rise to the effective action 
(5.8). The corresponding part of the effective Kahler potential has a form similar to (4.17b). 
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5.2 Graphs with cubic vertices 

According to the action (3.17), there are the following three types of cubic vertices 




int 


Sv{z3)Sq±{z2)Sq±{zi) 

5v{z3)Sv{z2)Sq±{zi) 


= ±(- 2 )( - 

= -4Q± 

+ 4Q± 




int 


5v{z3)Sv{z2)Sq±{zi) 


= -4g± - 


4Q± 


4 

4 

4 

4 

—(^ 1 ’ ~ ^ 3 ) + G^+-(Aj 2;3)h'^(2:i — 2 : 2 ) ) • 


h_(zi - 2:2)(5^(2 ;i - 23)J , (5.12) 

5 ^{zi - Z 2 ) 5 ^{zi - 2:3)^ (5.13) 

G —l-(^l) ^ 2 )h^(A ~ Z3) + G_+( 2 i, 23)h'^(2i — 22)^ , 

5^(21 - 22)5^(21 - 23)^ (5.14) 


Using these vertices and the propagators (3.10), (3.16) it is possible to construct the following 
two types of two-loop contributions to the effective action 


= 


d^S 


6 ^S 


d zid Z2d Z3d Zid z^d zq — 

dv[z3)dq[z2)bq[zi) dv[zQ)dq[z3)dq[zQ) 

X G+_(2i, 25)G'+_(24 , 22)G'(23, Zq) , (5.15) 


T B2 = ~2 d^ Zi Z2 dJ Z3 d^ Zi dJ Z3 d'^ Zq 


d^S 


6 ^S 


6 v{z 3 ) 6 v{z 2 )Sq{zi) 6v{zG)6v{z5)6q{z4) 

X ( G_|—( 21 , 24 )G( 22 , 25 )G( 23 , Zq) + (j'+_(2i, 24 )G( 22 , 26 )G'( 23 , 25 ) J . (5.16) 


Consider them separately. 

Using the operators in the vertex (5.12) it is possible to restore full superspace measure 
in some of the integrals in (5.15) and to perform these integrals using the delta-functions. Then, 
we get the following representation for (5.15) 

r_Bi = —4 y d’^2i d’^22 G'+_(2 i, 22 )G_+(2 i, 22 )G(2 i, 22 ) . (5-17) 

This analytic expression is represented by the Feynman graph Tin Fig. 2. Next, we use the 




rB, 


^B 2 a 


^B 2 b 


F 


B2 c 


Figure 2: Two-loop Feynman graphs with cubic vertices. 
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derivatives and in the propagator G+-{zi, Z 2 ) and integrate them by parts such that the 
identities (A. 6 ), (A.7) and (A.9) can be used. It is easy to see that owing to these properties 
of the propagator G(z, z') the contribution (5.17) vanishes on the considered background (2.5) 


r_Bi — 0. 


(5.18) 


Let us consider now the part of effective action (5.16). Using the operators and in the 
vertices (5.13) and (5.14) we restore full superspace measures and perform some of the integrals 
using the superspace delta-functions. Then, the contribution (5.16) can be represented as a 
sum of the following terms 

-h Ts^t + Lsj,, (5.19) 

where 


rB 2 a = -lQj(fzi(fz 2 QQG+-{zi,Z 2 )G{zi,Z 2 )G{zi,Z 2 ), (5.20) 

^B2b — 64 J (f zicf Z2(f zsQQ G^ — {z2,Z3)G^ — {zi, Z2)G{zi, zs)G{zi, Z 2 ), (5.21) 

Tb2c = -32 j £zi£Z2d^z^£ZiQQG_+{zi,Z2)G+_{z^,Zi)G+_{zi,z^) 

X (G(zi, Z 3 )G{z 2 , Z 4 ) G(zi, Z 4 )G(z 2 , zs)^ . (5.22) 


These contributions to the effective action correspond to the Feynman graphs rB 2 a, T b^^ and 
T b 2 c ill Fig- 2. The details of the computations of these diagrams are given in Appendix A. 2 . 
Only the hnal results are written down here: 


B 2 a 




(fzQ{z){ --'j]Q{z) , 


B 2 b 


B 2 c 


k'^a^ 

8 

k'^a^ 
8 

4 


d zQ{z){ - - 7 ]Q{z) 


dJz QQ 


1 QQ 

- - 7 - 2 In — 

£ k^ 


k'^a^ 


d zQ{z)( - - 7 ]Q{z). 


+ 


) In 2 

'W 


d'^z QQ 


(5.23a) 


4(1 - 2 In 2) 


d^zQQ, (5.23b) 


(5.23c) 


Here £ is the parameter of dimensional regularization, d = 3 — 2£, £ —)■ 0, and 7 is the Euler 
constant. Let us collect the divergent and hnite terms in (5.23) separately 


^B 2 


ri32,div 

FiJ2,fin 


ri32,div T r^ 2 ,fin 1 


j d'^zQQ 


/161n2 - 4 + 127 

V 


24, 



(5.24) 

(5.25) 

(5.26) 
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In is important to note that all terms containing the gauge-fixing parameter a cancel each other 
out in (5.23) and the final result (5.24) is a-independent. This result is expected since we have 
taken the gauge-independent part of the effective action into account. 

The divergent contribution to the effective action (5.25) has the structure of the classical 
action for the chiral superfield. It can be eliminated by adding the corresponding counterterm 
to the bare action (2.1). Further we concentrate only on the finite terms which contribute to 
the effective Kahler potential. 


5.3 Two-loop effective Kahler potential 

The sum of two-loop finite contributions to the effective action (5.8) and (5.26) can be written 
as 

f (5.27) 


■p(2) _ 

fin ~ 


where is the two-loop quantum correction to the effective Kahler potential 


= 2QQ 




;ln 2 


(5.28) 


Let us now consider the full effective Kahler potential which comprises the one-loop (4.17b) 
and two-loop (5.28) quantum contributions as well as the classical part 


r. 1 , 4 81n2 67 12 , QQ 

iLeff(g, Q) - 2QQ (^1 ^ f ,2 J .2 J .2 In 

Here /i is the normalization point which is usually fixed from the condition 

d^K,s{Q,Q) 


dQdQ 


= 2 . 


(5.29) 


(5.30) 


Q=Qo 


With such a normalization we get the final expression for the effective Kahler potential in the 
two-loop approximation 


24 


K,s = 2QQ-—QQ{ In 


J QQ 


k^ 




QoQo 


- 2 


(5.31) 


The effective Kahler potential (5.31) deserves the following comments: 


• The form of the effective Kahler potential is very similar to the one-loop effective Kahler 
potential in four-dimensional M = 1 supersymmetric gauge theories interacting with 
chiral matter which were studied in [2,8-10]. In fact, this form is universal in the sense 
that it is dictated by logarithmic quantum divergences which appear in one loop in four 
dimensions and start from two loops in three-dimensional model under considerations. 


• We did all the quantum computations keeping the gauge-fixing parameter a arbitrary, 
but found that the effective Kahler potential (5.31) is independent of a. This is a mani¬ 
festation of the fact that we computed the low-energy effective action on the background 
(2.5) which solves not only the classical, but also effective quantum equations of motion 
in the one-loop approximations. 
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• Let us consider the model of A/” = 2 supersymmetric electrodynamics (2.1) which is known 
to be superconformal at the classical level. The effective Kahler potential explicitly breaks 
the superconformal invariance since it involves dimensional parameters Qq and Qo- Thus, 
the superconformal invariance is broken by two-loop quantum corrections. 


6 Conclusions 

In the present paper, we have computed the two-loop effective Kahler potential in the M = 2 
SQED with Chern-Simons kinetic term for the gauge superheld. The result (5.31) resembles 
the four-dimensional one-loop effective Kahler potential [2,8-10] since its form is stipulated by 
logarithmic quantum divergences. 

The calculations have been done in the framework of the background held method with a 
one-parametric family of gauges. It was proven that the resultant effective Kahler potential is 
gauge independent. Also, we want to emphasize that we have used the ’’non-standard” change 
of variables in the functional integral to diagonalize the propagator. Such a procedure creates 
the new non-local interaction vertices in the supergraphs. We have shown that these new 
vertices do not lead to obstacles in computations. In the conclusions, let us discuss the possible 
future development of the obtained results. 

The most obvious generalization is to consider non-Abelian M = 2 Chern-Simons matter 
theories. We expect that the form of the effective Kahler potential in these theories should 
be similar to (5.31), but many more quantum computations are required since one has to take 
into account more Feynman graphs in non-Abelian theories including, in particular, ghost held 
contributions. We will leave these issues for further studies. 

It is possible to include more parameters in the classical action such as the masses of chiral 
matter superhelds and the Yang-Mills gauge coupling. It is interesting to study how the effective 
Kahler potential depends on the values of all these parameters. 

The Chern-Simons-matter theories with M > 2 supersymmetry are known to be UV-hnite 
[25-27]. Hence, the effective Kahler potential in these models can receive only hnite quantum 
corrections. For A/” = 4 supersymmetric models there is a non-renormalization theorem [37, 
38] which forbids perturbative quantum corrections to the moduli space in the Higgs branch 
described by the effective Kahler potential. However, it is not clear whether this applies to 
Af = 3 supersymmetric gauge-matter theories. Therefore, it would be interesting to study a 
structure of the effective Kahler potential in the Af = 3 gauge theory. 
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A Gauge superfield propagator 

In this Appendix we consider some useful properties of the gauge superfield propagator intro¬ 
duced in sect. 3. Recall that, after gauge fixing and performing the non-local change of fields 
(3.7), the quadratic action for gauge superfields is defined by the operators (3.14) and (3.15). 
Using the identity 

= (A.l) 

the operator of quadratic fluctuations of the gauge superfield can be rewritten as 

/n2 JJ2^ ^ 

i7 + M-A = H + M-M^ -^- - = H +— 

160 40^ ^ 


Then, it is easy to check that the distribution 


Giz,z')= ^ 


in D°‘Do 




in D^ + D' 


47r^M^ 


F □(□ + 2ka □ 


- 6^{z — z') (A-3) 


solves the equation for the gauge superfield propagator 


{H + M- /\)G{z, z') = -5\z - z'). 


(A.4) 


Using (A.l) the propagator (A.3) can be identically rewritten as 


G{z,z') = 


An^M 1 

^2 □ An^ 


in n^M {D^,D^} 


k n + 4F □(□ + 


47r2M2 ■ 
fc 2 . 


in -I- 
2ka □ 


d\z - z'). 


(A.5) 


It is straightforward to check that (A.5) has the following useful properties 

in 7)^ 

&G{,z,Z) = ^-—S-^z-z'), (A.6) 

where 6-{z, z') is the antichiral delta function. 

In loop quantum computations, we need the expressions for the gauge superfield propagator 
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(A.5) and its derivatives at coincident Grassmann coordinates 

1 


G{z,z'] 


D^D^G{z,z') 
D^G{z,z') = D^G{z,z') 
G{z, z') 




16 


DpDaG{z, z'] 
■Dj3DciG{z, z'] 


e=e' 


e=e' 


e=e' 


e=e' 


e=e' 


e=e' 


f,2 


0 , 

Sin 1 


6^{x — x '), 


6^{x — x '), 


ka □ 

Sin 1 


6^{x — x'), 


Ain 


k n + 

Ain □ 
k □ + 


^ajS 

^al3 


2nM dap 
~k ^ 

2nM dap 
~k ^ 


(A.8) 

(A.9) 

(A.IO) 

(A.ll) 

6^{x — x '), (A. 12 ) 

8^{x — x'). (A.13) 


B Some details of computations of two-loop diagrams 

In this Appendix we collect some details of quantum computations of two-loop Feynman graphs 
which were considered in sect. 5. We start by considering the graphs in Fig. 1. 


B.l Diagram T 

The Feynman graph F^jo Fig- 1 contains two gauge superheld propagators which meet at 
one quartic vertex. We will use this propagator in the form (A.5). Using the superspace delta- 
function which is present in this propagator we integrate over one set of Grassmann variables 
9' 


= A j (fzdh'd\z-z')QQG{z,z')G{z,z') 
A ■ 647r"^ 


k'^ 


X ■ 




d‘z d^x' 5^{x — x')QQ 
-S^{x — x') 


47r^M^ 




-d^(x — x') . 


(B.l) 


Here we used the identity (A.9). For bosonic delta-functions in (B.l) we perform the Fourier 
transform and compute the resulting momentum integral using (G.l) 


A 2 a 


A ■ 6An^ 
k^ 


dJz QQ 


d?p 


{2nfp^{p^ - 


47r^M^ ' 


<fzQQ. 


(B.2) 


This contribution to the effective action is hnite and has the form of classical action for a free 
chiral superheld Q. 
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B.2 Diagrams F 

Consider now the details of quantum computations of Feynman graphs given in Fig. 2. 


B.2.1 Diagram FB2a 

The diagram F B 2 a Fig- 2 contains two gauge superheld propagators and one (anti)chiral 
propagator which meet at two cubic vertices. For the gauge superheld propagator G{z, z') we 
will use the representation (A.5) while the (anti)chiral propagator is given by (3.10) 


TB2a — “16 J d Zid Z2QQ Gj^_{zi, Z2 )G{zi, Z2)G{zi, Z2) 
= -16 f d'^zid'^Z 2 QQG+-{zi,Z 2 )G{zi,Z 2 ) 


X 




1 iTT 

T 1 — A— 2 T 




IT 


+ 


ZTT D‘^ + D^ 


5^{zi - Z 2 ) ■ 


2ka □ 

We rewrite the last integrals as a sum of four terms 


B2a 


d^zid'^Z 2 QQM G+_{zi, Z 2 ) G{zi, Z 2 ) 


F J 

lOzTT 

dTT^ 

J 

SiTT 

ka I 


□ + 


fc 2 


6'^{Zi - Z 2 ) 


D^D. 


d zid Z2 QQ G+-{zi, Z 2 ) G{zi, Z 2 ) ^ ^ ^^ 2 m 2 ^ (^1 “ ^ 2 ) 


d^zid'’z 2 QQM G+-{zi,Z 2 ) G{zi, Z 2 ) 

d^zid^Z 2 QQ G+-{zi, Z 2 ) G{zi,Z 2 ) 




(B.3) 


(B.4) 


n(n H—^ 
D‘^ + D^ 


□ 


(T-^ 2 ) 

5^{zi - Z 2 ). (B.5) 


In hrst line in (B.5) we use the explicit form of the full superspace delta-function 5'^{zi — Z 2 ) = 
— d 2 )d^{xi — X 2 ) and integrate over 62 using (A. 8 ). In the second line in (B.5) we integrate 
by parts the derivatives of the D^Da operator and then integrate over 62 using (A. 11). In the 
third line in (B.5) we integrate by parts the covariant spinor derivatives contained in the Green 

function G^ _(^ 1 , 2 : 2 ) and integrate over 62 using (A. 8 ). After this, the terms in the hrst and 

third lines cancel against each other. 

The term in the second line of (B.5) can be rewritten as 

Tb,. = - 12) ^ - X2). 

(B. 6 ) 

Passing to the momentum representation we integrate over space-time variable X 2 and calculate 
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the momentum integrals using (C. 2 ) and (C.3) 
T. 1287r2 f f d^pd^q 


1287r2 


d z QQ 


(27r)6 {p + qY{p 


2/„2 ' 




= + (e^o) (B. 7 ) 

Let us consider the term in the last line in (B.5). We integrate by parts the covariant spinor 
derivatives which are contained in the chiral superheld propagator (3.10) keeping in mind the 
identity (A. 10 ) 


-— / d'^zid'^Z2Q{zi)Q{z2)G+-{zi,Z2)G{zi,Z2) 


+ L )2 


ka 

1287r2 

k‘^a^ 


5^{zi - Z 2 ) 


111 

d’^Zid^X2 Q{xi, 0 i)Q{x2, 6'i)—- Xa)—- 3 : 2 )—- 3 : 2 ). 


Here we also integrated over 02 - Next, we pass to the momentum representation and integrate 
over xi and X 2 


1287r2 




d?pd^q 1 

(27r)® p^q^ip) + q + iy 


(B. 8 ) 


This momentum integral can be evaluated using (C.4) after the change of integration variable 
p ^ p — I 


k^a^ 

4 

k‘^a^ . 


(27r)3 

dH 




d?pd?q 1 

(27r)® {p — l^q^ip) + qY 


Q(/,0) --7-ln(-/^) g(-/,0), 


In the coordinate representation this expression reads 


d‘zQ{z)i - 7 —Innjg(z). (e ^ 0) 


(B.9) 


(B.IO) 


Note that the last term in (B.IO) contains the operator InD which can be discarded for the 
constant superheld background (2.5) which we use to compute the effective Kahler potential. 

Finally, we combine the two non-trivial contributions (B.7) and (B.IO) and get the following 
result for the quantum contributions corresponding to the Feynman graph F B 2 a 


+ 7 :^ f dhQ{z)(\-'y)Q{z). 




(B.ll) 


Note that it contains divergent quantum contributions which appear as the pole A These 
divergent contributions should be removed by adding the corresponding counterterm to the 
classical action after computing all divergent two-loop diagrams. 
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B.2.2 Diagram TB 21 , 

The diagram T 2 b in Fig. 2 corresponds to the following analytic expression 

^^26 ~ J ^'^^2 <^'^2:3 QQ (^+-(2:2, 2 : 3 )(j'+_( 2 :i, 2 : 2 )(j( 2 :i, 2:3) • (B-12) 


Integrating by parts the covariant spinor derivatives which are present in the (anti)chiral Green 
function G+-{zi, Z 2 ) we collect them on the product G{zi, Z 2 )G{zi, Z 3 ) and then apply the 
following identity 

DId1G(zi, Z 2 )G(zi, Z 3 )\ 0 ^=e-^ = D‘^G{zi, Z 2 )D‘^G{zi, Z 3 ) + D‘^G{zi, Z 2 )D‘^G{zi, Z 3 ) (B.13) 

Z2)D^D^G{z3, Z3) + G{z3, Z2)D^D^G{z,, Z3). 


Here we omit all terms which are equal to zero after the integration over 62 - After that we 
integrate by parts the covariant spinor derivatives contained in G+_( 2 : 2 , 2 : 3 ) and get 


^B2b = 4 y dhi cfz2 (fz3 QQ ^<^^(23 - Z2)^5'^{Zi - Z2) 

X ^ (^^G{zi, Z2 )D'^G{zi, Z3) + D^G{zi, Z2 )D‘^G{zi, Z3) 

-2D^D^G{z3,Z2)D^D^G{z,,Z3) + G{zuZ2)D^D^G{z3,Z3)^ 

= ~ ^^ 2^2 J d'^^id^^2Q{xi,0i)Q{x2,6i)^5^{xi - X2)^6 ^{xi - X2)^6^{xi - X2) 

[ (fzi(fx2d^X3QQ^5^{x3 - X2)^5 ^{xi - X2) 

J U U 

>< □ - ^ 3 ) 

' k?‘ ' kZ 

^2(4^ / d^zi d?X2 d^X3 QQ M‘^^5'^{x3 - a; 2 )^ 5 ^(xi - X2) 

k^ J U U 

Qftn Q 

X d(d ^ ^^2m2^ ^\xi-X2) ^ ^ (B.14) 

Here we have done the integrals over Grassmann variables ^3 and 62 and used the properties of 
the gauge superheld propagator (A. 6 ), (A.7) and (A.9)-(A.13). Next, we pass to the momentum 
representation in (B.14) 


^26 


2567r2 

k'^a^ 

2567r2 

k^ 

2567r^ 

k* 


d^e 




(27r)3 

7 . f 


d z QQ 
d^z QQ M' 


(27r)® {p — iyq‘^{p + qy 
1 


(27r)® (p + g)2(p^ 

2 f d?pd?q 


w 

2p ■ q 


{2nf p 2(^2 _ 4^)(p + qYq 2 ^q 2 _ 


(B.15) 
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and compute the momentum integrals using (C.3), (C.4) and (C.5) 


^26 


1^2 dzQiz){--^]Qiz) 




d'z QQ (- 7 — 2 In 

£ kfi 


4(l-21n2) , . 


k^ 


d‘zQQ. (B.16) 


In this expression we omitted the terms containing the operator In □ since they do not contribute 
to the effective Kahler potential. 

B. 2.3 Diagram Tb 2 c 

The sum of two diagrams r 2 c in Fig. 2 corresponds to the following analytic expression 

Tb2c = -32 J d'^ zid’’Z2d’’Z'id'’ZiQQG_+{zi,Z2)G+_{z^,Zi)G+_{zi,z^) 

x[G{Zi,Z^)G{z 2 ,Z 4 ) + G{Zi,Z 4 )G{z 2 ,Z^)\ . (B.17) 

Let us consider the contributions from the first term in the brackets in (B.17). We integrate by 
parts the covariant spinor derivatives contained in G+_{z 2 i Zi) and G_+{z 4 , z^) and apply the 
identity (A. 7) 


—32 J d zid Z2d z^d ZiQQ 

xG+_{Zi, Z3 )G{Zi, Z^)—6'^{z2 — Zi)—5^{z 4 — Zs) ^ — Z^-^G(z2, Z4) 

U U lo lo 


64i7r 

ka 


d’^zi Z 2 dJz^ dJZ 4 QQ 


xG_i— (zi, Z 3 )G{zi, 2 : 3 )—^'^( 2:2 — zi)— 6 '^(z 4 — zQ —^( 5 _(^ 2 , Z 4 ) — 0 . (B.18) 

U U ib 

This expression vanishes since there is the chiral delta-function ( 2 : 2 , 2 : 4 ) integrated over the 
full superspace. 

The contribution from the second term in the brackets in (B.17) can be calculated in a 
similar way 


B2 c 


— —32 / d Zid Z 2 d z^d z^QQG — \^(yZi^Z 2 )Gj^ — [z^j Z 4 )G^ — ^ 3 )G[zi^ Z 4 )G[z 2 ^ z^) 


= -32 j d'^zid'^Z2d'^Z3d'^Z4QQ^S'^{z2 -zi)^6'^{z4 -zQG+Z^i^zs) 

jj 2 f )2 fy 2 jj 2 

X^G{z2,Z,)^G{z4,Z4). 


(B.19) 


Here we integrated by parts the covariant spinor derivatives contained in G- 4 .{zi, Z 2 ) and 
G 4 —{z 3 ,Z 4 ). Then we do the integration over 6*2 and apply the identity (A.7) 


62 c 


[ d'^zid^X 2 dh 3 dh 4 QQ^S^{x 2 -xi)^6'^{z4-Z3)^6'^{zi-Z 3 ) 
ka I □ □ □ 


X 


n2 n2 

I r,2 

16 


0 ^X 2 , 64 ) 6^63 -e3)6^{x2-X3) 


DlDl 

16 


G{zi, Z4) ] . 


(B.20) 
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The non-zero contribution arises only when the operator acts on G{zi, z^). After integration 
over 04 and 63 we obtain two bosonic delta-functions 6 ^{x 2 — X 3 ) and — x^) which allow 
us to do the integration over X 3 and X 4 as well 

Tbjc = j d^zid^X2QQ^5i^{x2-xi)^5^{xi-X2)^6 '^{xi-X 2 ) 

Here we applied the formula (C.3) to compute the corresponding momentum integral. 


C Momentum integrals 


In this Appendix we give the list of momentum integrals which appear in one- and two-loop 
Feynman graphs considered in the present paper. Some of these integrals can be found in the 
textbook [39]: 


J{m) 
I{p, m) 

h 

h 

h 




(27r)3 {p^){p^ — m?) 
cPq 1 


(27r)^ {p + — w?] 

d?p I{p, m) 1 

(27r)3 p^ — vn? 

(jSp 

(27r)^ {p — ly 
d?p dPq 


dyr \m 
1 

Stt ^ 

r(e 


dx 


32%"^ 

1 r(e) 

32ir2 i-Py 
2 p ■ q 


+ 


) 

In 2 
IGtt^ ’ 


X ijPx — W?YG 


(27r)® — m?){p + qyq^{q^ — m? 


l + 21 n 2 
IGtt^ m? 


(C.l) 

(C.2) 

(C.3) 

(C.4) 

(C.5) 


Here e is the parameter of dimensional regularization, d = 3 — 2e, e ^ 0. The divergent parts 
of these integrals can be singled out by the standard series expansion of the T-function 


r ( e ) 1 2,^/3 

—^ =- 7 -lnm -h C'(e), 

where 7 = 0, 577... is the Euler constant. 


(C. 6 ) 
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